Centromeres, and the kinetochores that assemble on them, are essential for accurate chromosome segregation. Diverse centromere organization patterns and kinetochore structures have evolved in eukaryotes ranging from yeast to humans. In addition, centromere DNA and kinetochore position can vary even within individual cells. This flexibility is manifested in several ways: centromere DNA sequences evolve rapidly, kinetochore positions shift in response to altered chromosome structure, and kinetochore complex numbers change in response to fluctuations in kinetochore protein levels. Despite their differences, all of these diverse structures promote efficient chromosome segregation. This robustness is inherent to chromosome segregation mechanisms and balances genome stability with adaptability. In this review, we explore the mechanisms and consequences of centromere and kinetochore flexibility as well as the benefits and limitations of different experimental model systems for their study.
Centromere/kinetochore dynamics: balancing genome stability and adaptability During growth and cell division, cells must balance the requirement for faithful chromosome replication and segregation with the need to adapt to changing conditions. Failure of centromere/kinetochore function can result in aneuploidy, a change in chromosome number [1] . Aneuploidy is often detrimental [2, 3] , although it has the potential to be adaptive under some conditions [4, 5] . For example, defects in genomic stability are implicated in cancer and can cause miscarriages and birth defects, whereas moderate aneuploidy may contribute to increased proliferation of cancer cells and to resistance to antifungals in yeast [4, 6, 7] . Chromosome segregation errors can lead to DNA damage and chromosome rearrangements [8, 9] .
The kinetochore (see Glossary), a complex of 100 proteins, must assemble on centromere DNA to allow spindle microtubule attachment to the chromosome during mitosis. Genome stability requires efficient and accurate kinetochore assembly, ensuring that each chromatid attaches to a single pole and that sister chromatids attach to microtubules from opposite poles. Thus, centromeres, and the kinetochores assembled on them, must participate in an exquisitely regulated process to ensure proper chromosome segregation. However, kinetochore assembly must be robust enough to handle physiological changes, such as overexpression of kinetochore proteins in cancer cells [10] , which could perturb the balance of kinetochore components available for assembly.
Recent work suggests that centromeres/kinetochores tolerate significant deviations from the canonical structural features. These deviations include variations in centromere DNA length, frequent alteration of the underlying DNA sequences, shifts in kinetochore position on the DNA and changes in kinetochore complex number (Box 1). This review discusses mechanisms that cells use to maintain accurate chromosome segregation despite alterations to centromere/kinetochore structure. We suggest that centromere/kinetochore flexibility provides a buffering mechanism that facilitates successful evolution by maintaining chromosome segregation fidelity.
Diversity of centromere structure
Eukaryotes exhibit diverse centromere organization patterns and kinetochore structures [11, 12] (Table 1) . Many proteins that make up the kinetochore are conserved from yeast to humans. Centromeres are defined as chromosomal regions that bind CENP-A (CenH3), a histone H3 variant that replaces canonical H3 at centromeres, and assemble a functional kinetochore. Centromeres vary in length as well as inheritance mechanisms. Saccharomyces cerevisiae has point centromeres in which a DNA binding sequence is necessary and sufficient to drive kinetochore assembly [12] ; by contrast, other fungi, plants and mammals form Box 1. Types of centromere flexibility
Centromere DNA length -The length of DNA associated with CENP-A and kinetochore protein complexes varies significantly from yeast to humans.
Centromere DNA sequence -The DNA sequences where centromeres are found vary greatly between organisms and also within a single species. Additionally, studies of closely related species indicated that the DNA associated with kinetochores might undergo accelerated mutation, further enhancing centromere sequence diversity. Kinetochore position -The position of the kinetochore on the chromosome is flexible in a wide variety of organisms ranging from the yeast C. albicans to humans. One of the characteristics of primate speciation is the appearance of evolutionary new centromeres: kinetochores that associate with chromosomal regions that differ from the position of the ancestral centromere. Additionally, acentric chromosome fragments can be rescued by neocentromeres, kinetochores that form at new chromosomal positions. Kinetochore complex number -The kinetochore complex number is defined as the number of kinetochore protein complexes assembled per centromere DNA region. The kinetochore complex number varies with changes in centromere DNA length and kinetochore protein concentrations in the cell. (Figure I) Centromere DNA sequence regional centromeres that usually occupy repetitive DNA and are inherited epigenetically. Many different models have been proposed to explain the mechanism(s) of epigenetic regional centromere inheritance [13] . Centromere regions vary in length from 125 bp in Saccharomyces spp. [12] , to megabases of repetitive DNA found in mammalian and plant centromeres [11] , and to entire chromosomes found in organisms that have holocentric centromeres, such as Caenorhabditis elegans [14] . As centromere structures have diverged, centromeric DNA sequences have also evolved rapidly.
DNA sequence evolution
Not only does centromere DNA differ dramatically between organisms [12] , it differs between centromeres within a given organism [15, 16] . For example, different chicken centromeres vary in length from 30 to 500 kb, and contain either nonrepetitive or highly repetitive DNA [15] . By contrast, human centromeres are all associated with alpha-satellite repeat DNA, although their length can vary from several hundred kb to 10 Mb [17, 18] . Diversity in the degree of repetitiveness indicates centromere 'age' in evolutionary terms, as centromeres accumulate repeats that are maintained over time [19, 20] . The dog and horse genomes include high sequence divergence in centromeric satellite repeats on different chromosomes [21] . In the fungal pathogen Candida albicans, which has regional centromeres of 3 kb, each centromere contains a unique, nonrepetitive core sequence [22] . Consistent with the sequence diversity found between centromeres, centromere DNA evolves at rates much higher than rates at other non-coding regions. For example, C. albicans and Candida dubliniensis diverged more than 20 million years ago, and although the centromeric synteny in these two organisms has been maintained, the centromere DNA sequences diverged faster than other orthologous intergenic regions [23] . Similarly, maize centromere sequences evolve rapidly via high rates of gene conversion [24] , and mouse Y centromere repeat DNA sequences have diverged from repeat sequences found at other chromosomes and in closely related mouse species [25] . The mechanisms directing rapid evolution of centromere DNA sequences are a topic of active research. Meiotic drive, an evolutionary force in which paired chromosomes compete for access to the egg during reproduction, has been proposed to promote centromere sequence divergence [26] . In S. cerevisiae, where meiotic drive would not be expected to be a substantial evolutionary force, as meiosis results in four equal spores rather than a single egg, rapid evolution of centromere DNA is consistent with an elevated mutation rate at centromere DNA [27] , perhaps due to features of the centromeric chromatin that enhance mutational frequencies or inhibit DNA repair mechanisms.
Evolutionary new centromeres
In addition to having diverse primary DNA sequences, centromeres have evolved by moving to new positions in the genome. Different, evolutionary new centromere positions are a defining characteristic of primate species. Ectopic kinetochore assembly is a key step in their formation. For example, human centromere 6 was repositioned from an ancestral location to its current location in a common ancestor of hominids [28] . Indeed, approximately half of the human chromosomes have evolutionary new centromeres, based upon comparison with macaques [20] .
Evolutionary new centromeres often arise in gene deserts [29] and accumulate repetitive sequences [20] . Similar events have been seen in other mammals [30] as well as in plants (e.g. rice [19] and cucurbits [31] ). These evolutionary events, detected via altered synteny of centromere-associated satellite DNA as well as through karyotype analysis, require that kinetochore proteins assemble at a new locus and no longer assemble at the old locus. A similar process, termed neocentromere formation, occurs in modern humans as well as in model organisms.
Neocentromeres
Neocentromeres are new kinetochores that assemble at DNA loci not previously associated with kinetochore proteins. Neocentromere formation can occur in the absence of chromosome rearrangements (repositioned neocentromeres) or it can rescue chromosome fragments, amplifications or rearrangements on either linear or ring chromosomes (rescue neocentromeres) [32] . Importantly, neocentromeres can be inherited from one generation to the next. In two documented cases of repositioned neocentromeres, the new centromere position has been maintained through at least three generations [28, 33] . Although repositioned neocentromeres are rare [32] , it is probable that their incidence is under-reported, because they are only identified by cytogenetic screening and cause no obvious phenotypes, as the chromosome is still segregated during mitosis and the genome remains essentially intact. The majority of the 100 reported neocentromeres are rescue neocentromeres [32] and the accompanying amplifications, deletions, or gene disruptions cause phenotypes including developmental disabilities as well as cancers such as non-Hodgkin's lymphoma [34] , acute myeloid leukemia [35] , and liposarcomas [36] .
Neocentromeres map to at least 21 different human chromosomes, including X and Y, although they are particularly common on specific chromosome domains including 3q, 13q and 15q [32, 37] . Little is known about how neocentromeres form or why they form at particular positions. Human centromeres are always found in highly repetitive regions; the same is true for some neocentromeres [38] , although not for others [39] . Chromosome regions that maintain neocentromere function show little similarity, and none of them are associated with alphasatellite DNA, making it difficult to ascertain the sequence elements that might contribute to a good site of neocentromere formation. Interestingly, even among neocentromeres found in the same chromosomal band, no two neocentromeres have formed at exactly the same underlying DNA sequences [32, 38, 40] . LINE retrotransposon sequences appear to be important for establishing neocentric chromatin at some neocentromeres, as knockdown of transposon transcript levels impaired neocentromere function during mitosis [41] . ChIP-chip analyses failed to define common features of human neocentromeres [30] , but higher resolution analysis in the future with ChIP-seq or ChIP-exo on CENP-A may provide additional insight. To date, the only sequence data available does not reveal any obvious patterns, supporting the idea that centromere position is remarkably flexible in humans.
Unlike evolutionary new centromeres that have persisted and that always formed in regions that were gene deserts [29] , human neocentromeres form either in gene deserts or in regions that include actively transcribed genes [32, 39] . Certainly, it is unknown which recently formed neocentromeres will or will not persist to become evolutionary new centromeres. It is tempting to speculate that those formed in gene deserts are more likely to persist, whereas those formed on actively transcribed regions may cause phenotypes that interfere with their selection and evolutionary persistence. Indeed, some neocentromeres are more prone to chromosome missegregation than native centromeres. Human neocentromeres are more defective in recruiting Aurora B kinase and in correcting chromosome segregation errors than native centromeres [42] . Additionally, some patients exhibit neocentromere mosaicism (presence of the neocentromere in a fraction of somatic cells), suggesting that the chromosome carrying the neocentromere was lost in a subpopulation of the cells and implying that, in vivo, some neocentromeres are less stable than native centromeres [32] . Determinants of the chromosome segregation efficiency of different neocentromere positions remain to be identified.
Kinetochore position flexibility occurs in diverse species (Table 2) , with some neocentromeres near the native centromere [43] , others at the boundaries of euchromatin and heterochromatin [44, 45] and yet others within subtelomeric regions in a manner dependent upon heterochromatin formation [46] . By contrast, human neocentromeres exhibit no apparent association with heterochromatin [39] . In plants there are two types of neocentromeres: neocentromere 'knobs' and 'rescue' neocentromeres that, like human and C. albicans neocentromeres, appear following centromeric deletions or rearrangements [16, 47] . 'Neocentromere knobs' drive the selection of specific chromosomes during meiosis [48] . Thus, they are likely to involve different mechanisms of formation and/or maintenance [49] .
Genetic model organisms can be used to test hypotheses based on the analysis of clinical neocentromeres. For example, neocentromere mosaicism suggests that some neocentromeres are more functional than others [32] . Neocentromeres in C. albicans resemble those in humans in that they are flexible in their position and not associated with heterochromatin [50] . Furthermore, as a unicellular eukaryote, C. albicans is highly amenable to selection of low frequency events such as chromosome loss. Thus, it can be used to compare the efficiency of chromosome segregation of different neocentromeres.
Features shared by neocentromeres with high chromosome segregation accuracy and native centromeres are candidates for properties necessary for kinetochore function. In C. albicans, centromeres colocalize with the earliest, most efficient replication origins, and DNA regions that acquire a neocentromere become the earliest, most efficient replication origins on the chromosome and associate with the origin recognition complex [51] . Schizosaccharomyces pombe CEN1 also replicates the earliest of all loci on chromosome 1 [51] , and in several other fungi the sequence features (DNA skew [52] ) suggest that replication and centromere function are linked [51] . Additionally, in S. cerevisiae, cohesin binding is enriched at pericentromere regions, and cohesin binding to pericentric DNA requires a functional kinetochore [53] . Neocentromeres with different levels of stability may be useful for examining the roles of DNA replication, cohesin binding, and chromatin structures in promoting accurate chromosome segregation.
In vitro, telomere-telomere fusions produce dicentric chromosomes that subsequently delete alpha-satellite repeats to inactivate one of the centromeres [54] ; this process has also been detected in clinical specimens [55] . This is particularly interesting because it may be analogous to events that initiate evolutionary new centromeres [56] . A similar mechanism has been documented in plants: during the evolution of maize and grass genomes, chromosomal rearrangements that produced dicentric chromosomes were resolved by inactivation of one centromere [57, 58] . Drosophila could be a particularly interesting model for examining repositioned neocentromeres that resemble the evolutionary new centromeres in primates [20, 28] . Drosophila cells form dicentric chromosomes following overexpression of CENP-A [45] , and mechanisms that determine which centromere remains functional may provide insights into which human neocentromeres are destined to become evolutionary new centromeres.
Kinetochore composition
The overall structure of each kinetochore-microtubule complex is remarkably conserved from yeast to humans, although the number of complexes per centromere varies substantially, and some kinetochore proteins have specialized roles. S. cerevisiae and other organisms with point centromeres canonically contain one kinetochoremicrotubule complex per centromere [59, 60] , and organisms with larger kinetochores, such as fission yeast, have multiple iterations of essentially the same kinetochore-microtubule complex [59] . There are some kinetochore proteins found specifically in organisms such as S. cerevisiae with point centromeres (e.g. Ndc10) and others found specifically in organisms such as S. pombe and humans with regional centromeres (e.g. CENP-H/Fta3) [12] , although overall the sub-complexes that comprise the kinetochore are conserved in composition and architecture. Recently, tethering experiments with kinetochore proteins have defined the minimal requirements for centromere function, elucidating multiple mechanisms that can result in kinetochore assembly and, by implication, neocentromere formation. Interestingly, these requirements appear to differ in different organisms. For example, in S. cerevisiae, tethering Ask1, a member of the fungalspecific Dam1 complex, forms a synthetic kinetochore and improves plasmid segregation [61, 62] . In the Xenopus egg extract system, CENP-A nucleosomes recruit other kinetochore proteins, resulting in kinetochoremicrotubule formation [63] . In fact, the 6 C-terminal amino acids of CENP-A when fused to the rest of conventional H3, are sufficient to bind CENP-C and to recruit the other kinetochore components [63] , suggesting that CENP-C may be sufficient to initiate Xenopus kinetochore assembly. Similarly, the Drosophila CENP-A protein, CID, is sufficient for kinetochore formation when CID is tethered to LacO operator sequences and thereby incorporated (together with other histone proteins) into previously non-centromeric chromatin [64] .
In humans, overexpression of CENP-A alone is not sufficient to form complete kinetochores [65] , although implications of this negative result are unclear. Interestingly, several different routes to kinetochore assembly in human cells have been demonstrated using elegant tethering experiments to induce synthetic kinetochores. First, alpha-satellite DNA, presumably via binding of CENP-B, can recruit kinetochores to human artificial chromosomes (HACs) [66] . However, HAC formation is inefficient, occurring only in a small number of cell lines [67] . Second, tethering of HJURP, a CENP-A chaperone initially identified as a Holiday JUnction Recognition Protein, to DNA promotes CENP-A incorporation and the specification of centromeric chromatin in human cells [68] . Third, tethering both CENP-C and CENP-T to the same DNA nucleates kinetochore-microtubule attachments and partially rescues an acentric chromosome [65] . Such tethering experiments provide insight into the order of assembly events and the dependencies involved. For example, tethering of both CENP-C and CENP-T bypasses the requirement for CENP-A, supporting the idea that a normal function of CENP-A is to recruit CENP-C and CENP-T, which together direct kinetochore assembly. Accordingly, such experiments may reveal the proteins most important for neocentromere formation and tethering or engineering the levels of critical kinetochore components may facilitate the efficient production of human artificial chromosomes.
Kinetochore complex number
Centromere flexibility also manifests through variation in the amount of CENP-A bound per centromere and in the number of kinetochore-microtubule protein complexes assembled per centromere DNA region, defined here as the kinetochore complex number. Kinetochore complex number varies greatly on evolutionary time scales. Kinetochore complex number can also change rapidly as a physiological response to alterations in the centromere DNA or levels of kinetochore proteins.
The amount of CENP-A bound to the centromere DNA defines the region with the potential to assemble kinetochore complexes and to bind microtubules. Centromere regions in most organisms contain a mix of CENP-A and histone H3 nucleosomes [69] . Even organims with small point centromeres may contain a mix of CENP-A and H3 as recent evidence suggests that there may be 2-4 CENP-A nucleosomes per centromere in S. cerevisiae [70, 71] , although this is controversial as there appears to be one major CENP-A nucleosome [72, 73] , and other CENP-A nucleosomes may be randomly interspersed with H3 nucleosomes in the surrounding region [70] .
In humans, CENP-A binds to alpha-satellite tracts, the length of which varies between chromosomes and between individuals. The amount of CENP-A bound to centromere DNA also changes in proportion to alpha-satellite tract length; longer repeats are associated with more CENP-A (Figure 1a ) [18] . Intriguingly, CENP-A and kinetochore protein levels are higher in cancer cells than in nontransformed somatic cells [10, 74, 75] . The amount of CENP-A bound to centromere DNA increases with increasing cellular CENP-A levels, generated either by transformation of a tissue culture cell line with oncogenes or by direct overproduction of CENP-A (Figure 1b) [18] . Importantly, the CENP-A binding remains restricted to the alpha-satellite repeat tract.
In fungi, overproduction of CENP-A also alters kinetochore complex number, including increased numbers of kinetochore proteins and increased numbers of spindle microtubules at C. albicans centromeres (Figure 1c ) [76, 77] . Here, too, the larger kinetochore remains limited to within a core region of centromere DNA [76] . In C. albicans, as in fission yeast [59, 78] , upon CENP-A overexpression [76] , H3 binding to the centromere region decreases, suggesting that extra CENP-A nucleosomes can displace canonical nucleosomes. Because experiments with C. albicans CENP-A overexpression were performed on populations of cells [76] , whereas experiments with human CENP-A overexpression analyzed individual cells [18] , it is likely that the proportion of centromere DNA bound by CENP-A relative to H3-containing nucleosomes increases upon overproduction of CENP-A in humans also. Flexibility in the precise positioning of CENP-A nucleosomes in individual cells would result in an increase in CENP-A binding per basepair in the population and a resulting increase in the number of kinetochore-microtubule attachments with potential accompanying changes to chromosome segregation.
Surprisingly, in humans and in C. albicans, cells engineered to express excess CENP-A recruit extra kinetochore complex proteins per centromere, yet in both cases chromosome segregation appears to be normal [18, 76] . Thus, the number of kinetochore complexes, and presumably microtubules bound, per centromere, does not have an obvious effect on kinetochore function. However, the requirement for other kinetochore and cell cycle components may be altered by changes in kinetochore complex number. For example, increasing the kinetochore complex number from approximately one per centromere to greater than one per centromere in C. albicans reduces the requirement for the Dam1 complex [76] , consistent with the role of the Dam1 complex as a processivity factor for attachment of kinetochores to microtubules (Figure 2a) . Overexpression of CENP-A in transformed cancer cells may be a driving force for aneuploidy. Retinoblastoma protein (pRb)-depleted cells have elevated CENP-A, altered expression of many spindle checkpoint proteins, and high levels of aneuploidy. Interestingly, reduction of CENP-A to normal levels decreased the severity of mitotic defects in pRbdepleted cells [75] . Thus, altering CENP-A levels in combination with conditions permissive for cancer may have a profound effect on chromosome stability.
In organisms with multiple kinetochore-microtubule attachments per centromere, decreases in kinetochore complex number are also observed. Human kinetochores can function with just a small fraction of the normal CENP-A bound [79, 80] . Thus, human cells with multiple kinetochoremicrotubule attachments per centromere have a buffering mechanism that permits chromosome segregation even when CENP-A levels are decreased. Interestingly, decreased levels of kinetochore proteins cause different responses in different cell types. For example, depletion of CENP-A protein in fibroblasts eliminates kinetochore function, whereas the same knockdown permits cell cycle progression in human pluripotent stem cells, presumably because they have stored CENP-A mRNA, further protecting them from CENP-A depletion [81] .
An open question is whether increased kinetochore complex number alters the requirement for checkpoint pathways. In C. albicans, the reduced requirement for the Dam1 complex in cells with larger kinetochores suggests that multiple microtubule attachments per kinetochore increase the probability of a chromosome successfully attaching to a spindle pole. However, multiple microtubules per centromere also could increase the probability of merotelic attachments, where a single centromere attaches to both poles potentially causing chromosome missegregation. Accordingly, error-correction pathway components, such as Aurora-B-like kinases may have increased importance in cells with increased kinetochore complex number (Figure 2b ). Future studies combining altered levels of CENP-A and other kinetochore proteins should reveal the interactions between mechanisms regulating the number of kinetochore-microtubule attachments and checkpoint pathways.
Concluding remarks
We propose that centromere DNA, kinetochore position, and kinetochore complex number are more flexible than previously appreciated, because adaptation requires that chromosome segregation fidelity be maintained despite changes in cell physiology that alter kinetochore protein levels or disrupt native centromere DNA. The contribution of DNA sequence if any, to regional kinetochore function is likely to become clearer as larger numbers of individuals are analyzed via high-throughput sequencing and as tools for the analysis of repetitive DNA emerge. In addition, model organisms with regional centromere sequences that are readily manipulated will reveal possible relationships between centromere sequence flexibility and kinetochore function [50, 76, 82] .
DNA sequences or structures that support kinetochore assembly may also become evident as more neocentromeres are generated in model organisms. Identifying the underlying sequences of additional neocentromeres in clinical samples [38, 39] , coupled with the development of techniques to manipulate human tissue culture cells to form neocentromeres, will provide a more complete picture of the mechanisms by which neocentromeres form. For example, overexpression of CENP-A alone is not sufficient to form ectopic centromeres in human cells when the native centromere is present [83] . However, whether extra CENP-A or other kinetochore proteins facilitate neocentromere formation in the absence of tethering, remains to be determined.
Kinetochore complex number flexibility appears to be a common feature shared across diverse species. For example, when CENP-A is overproduced, kinetochore complex number increases in fungi and humans [18, 76] . Changes in kinetochore protein levels are associated with cancer cells [10, 74] , which are particularly prone to alterations in kinetochore position [36] and to increased kinetochore complex number [18] . Whether chromosomes with altered kinetochore positions and/or complex numbers are more prone to segregation errors or are more dependent on specific checkpoint pathways also remains to be determined. Thus, larger kinetochores, combined with secondary stresses that increase the numbers of merotelic attachments, may contribute to chromosome instability in cancer cells.
The study of centromeres and kinetochores is advancing rapidly, and models of structure and function are evolving much more quickly than the centromeres themselves. Initial mechanistic insights were based on studies of point centromeres, which have specific sequence requirements and were thought to adhere to a rigid structural model; yet recently, the composition, number and position of CENP-A-associated nucleosomes in S. cerevisiae has become controversial [70, 71, 73, 84, 85] . Flexibility in centromere sequence, kinetochore position and complex number is emerging as an inherent property of centromeres in virtually all eukaryotes. Thus, future models will need to account for this remarkable flexibility. The next few years will likely reveal many insights into mechanisms that Increased numbers of kinetochore protein complexes results in an increased probability of maintaining attachment between kinetochores and microtubules. Therefore, increased kinetochore proteins and spindle microtubules in C. albicans reduce the requirement for Dam1 complex members, fungal-specific proteins with roles in increasing the processivity of kinetochore-microtubule interactions. Republished from [76] . (b) Increased kinetochore complex number might increase the probability of merotelic attachments (attachments to both spindle poles). Therefore, increases in the kinetochore complex number may alter the requirements for errorcorrection mechanisms.
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